This study examined the hypothesis that the level of postischemic reperfusion affects the severity of the resulting neuronal necrosis. In rats, tissue Po 2 % was monitored as an index of flow (reoxygenation) at four cortical sites by chronically implanted platinum elec trodes. Twenty minutes of total global cerebral ischemia was followed by 30 min of reoxygenation. The level of reoxygenation was controlled to maintain the P0 2 nearly constant at one or more of the cortical electrodes. Tissue from within 400 fLm of each of 19 electrode sites among seven rats was evaluated histologically. There was a pos-An important controversy in brain ischemia re search is whether the time course of reperfusion after ischemia can influence the extent or degree of neuronal injury. It seems desirable to terminate the ischemic energy deficit and acidosis as quickly as possible. Some brain regions that develop multiple capillary occlusions during ischemia may not regain circulation ("no reflow") when the main feeding vessel is reopened unless hypertension with global hyperemia is induced. But such hyperemia may ag gravate postischemic edema. It has not been con clusively established, however, if the resulting edema contributes significantly to subsequent tis sue injury.
itive correlation between reoxygenation level and sever ity of neuronal damage. Perineuronal lucent halo forma tion, probably representing astrocyte foot process swell ing, was negatively correlated with reoxygenation level. This study demonstrates that ischemic neuronal damage was aggravated by increased reoxygenation but that peri neuronal swelling, as evidenced by halo formation, was somewhat ameliorated. Key Words: Brain Ischemia-Neurons-Reoxygenation-Reperfusion Tissue Po2. of calcium channels, release of toxic neurotransmit ters, and formation of free radicals. These are be lieved to begin during ischemia and continue to have effect during reperfusion. In addition, reper fusion may cause transient aggravation of lactic ac idosis, thought due to presentation of an excess of pyruvate to damaged mitochondria (Halsey et aI., 1988) . It is uncertain whether the combined effect of these processes is influenced by the quantity of flow during reperfusion or only the duration of it.
The time course of regional CBF (rCBF) during ischemia and uncontrolled reperfusion has been correlated with brain edema and permeability of the blood-brain barrier to various large molecules (Ian notti and Hoff, 1983; Avery et aI., 1984; Picozzi et aI., 1985a,b; Hatashita et aI., 1986; Todd et aI., 1986a-d) . A consensus of these studies is that edema develops during isch emia and is greatly increased by reperfusion. The major determinant of the edema is the duration and severity of the ischemia, even when the edema mea surement is made after reperfusion. Postischemic blood flow is also related to the duration and sever ity of the foregoing ischemia: The more severe and prolonged the ischemia, the more attenuated is the postischemic hyperemia, which, however, then per sists for a longer time. However, apart from an ex pected correlation between duration and severity of insult and resulting tissue damage, there is little in formation on the specific contribution that reperfu sion may make to neuronal necrosis. Infarct volume after focal ischemia has been shown to be worse after reperfusion than with permanent middle cere bral artery (MCA) occlusion (de Courten-Myers et aI., 1990; Selman et aI., 1990) . This measure was mainly of tissue rarefaction by edema. These stud ies did not assess neuronal death separately.
In one study an effort was made to control reper fusion (Kuroiwa et al., 1989) : Focal ischemia was made by traction on an MCA ligature. In some of the animals, reperfusion was controlled by adjust ing the tension on the MCA ligature while rCBF was monitored by local heat clearance. When the postischemic rCBF approximated the preischemic level, edema formation was significantly attenuated compared with uncontrolled (hyperemic) reperfu sion. Neuronal injury was not studied, however.
The objective of this study was to assess the ef fect that various levels of reperfusion may have on neuronal injury and tissue edema following isch emia, utilizing tissue P02 as an index of flow, hence the term "postischemic reoxygenation" hereafter used in this article.
METHODS

Oxygen electrodes
Oxygen electrodes were made from 90% platinum/l0% iridium wire of 100-f,Lm diameter and I-mm exposed tip length, mounted in a 1.8 x l.4-mm rectangular array. They were implanted in Sprague-Dawley rats anesthe tized with halothane (2.5% for induction, 1.5% during sur gery) in a small craniectomy 1 mm from the sagittal suture and 1 mm caudal to the bregma. The electrode array was placed with the electrode tips 1.5 mm deep into the cortex of the right hemisphere and a silver-silver chloride refer ence electrode was implanted through a burr hole in the left hemisphere. Dental acrylic anchored the electrodes.
The rats recovered from anesthesia and rested 3-5 days to enable healing of the capillary circulation and forma tion of a glial membrane around the electrodes. We have analyzed this electrode-tissue relationship and demon strated that the recorded current is proportional to local tissue Po2, hence the term Po2% (Eke et aI., 1981) . The volume of tissue represented in the measurement is a function of the electrode diameter. For our electrodes 1 mm in length and 100 f,Lm in diameter, this is a cylinder with a radius of � 500 f,Lm surrounding the electrode (Grunewald, 1970; Eke et aI., 1981) . A given electrode, chronically implanted, reproducibly detects relative changes in tissue Po2% and can be monitored continu ously. To minimize a contribution to the recording from electroreduction of halothane, a polarization voltage of -500 mV was used (Severinghaus et aI., 1971) . At this voltage, anesthetic levels of halothane contributed 1-2% of the recorded current otherwise attributed to oxygen.
Surgical preparation
The rats were again anesthetized with 70% N2/29% Ozf 1.5% halothane, and atropine sulfate 0.004 mg/loo g body wt was injected. After tracheostomy they were paralyzed with tubocurarine chloride and mechanically ventilated. Injections of atropine and tubocurarine were repeated at hourly intervals throughout the course of the experiment. The subclavian arteries were occluded proximal to the vertebral origins. The right external carotid was occluded and two cannulas were inserted into the right common carotid, one anterograde for measurement of carotid stump pressure (CSP) and one retrograde for measure ment of systemic blood pressure. The right femoral artery was cannulated for arterial blood gas determinations. Sur gical mortality of this preparation, including electrode im plantation, was � 10%.
The rats were maintained under anesthesia and allowed to stabilize for at least 60 min after the surgery. During this time, the pressure transducers were zeroed and stan dardized, and arterial Peo2, Po2, and pH were determined and adjusted to normal ranges.
EEG activity between paired oxygen electrodes was acquired and amplified by a Grass wide band AC-coupled EEG preamplifier (Grass Instrument Company, Quincy, MA, U.S.A.). The output of the preamps was fed into the Grass DC driver amplifiers and filtered at 15 Hz; then the pen outputs were mUltiplexed to an active EEG filter, which provided a quantitative measure of slow activity (0.3-5.6 Hz, maximum sensitivity 2 Hz) and fast activity (4.4-15 Hz, maximum 7 Hz).
Brain temperature was controlled by placing the rat in a 37°C incubator for the duration of the experiment, while head temperature was monitored by a thermistor in the mouth. To prevent elevation of core temperature, moni tored by a rectal thermistor, the rat's body was placed on a copper heat exchanger connected to a circulating water bath maintained between 24 and 27°C.
CSP and brain tissue Po2% were controlled by means of extravascular partial occlusion of the left common ca rotid artery using a vascular occluder (type OC-2A; In Vivo Metric, Healdsburg, CA, U.S.A.) connected to a servo-pump interfaced to a computer that simultaneously monitored the CSP and the oxygen electrodes (Boehme et aI., 1988) . The response time of the oxygen electrodes to pressure change was too slow to be used as the feedback signal for servo-control of the system. To determine the CSP needed to adjust the Po2% at one of the electrodes, an apparent resistance R(app) = CSPlPo2% was calcu lated. Using this relationship, from the desired target ox ygen level [Po2%(target)], the computer calculated a new target pressure [CSP(target)] as follows: CSP(target) = Po2%(target) x R(app). To allow for the relatively slow response of the oxygen electrode to CSP change, the computer calculated a new CSP(target) for the servo system to maintain, at 30-s intervals averaging the imme diately previous CSP with the current CSP. This reduced oscillations in the controlled oxygen signal to within ±2-3% of the required Po2% value. The Po2% at each of the other electrodes was allowed to fluctuate and was usually nearly as stable as at the controlled electrode.
Total global ischemia was induced by instructing the computer to inflate the left carotid occluding cuff to re-duce the CSP below 8 mm Hg, maintaining this for 20 min, followed by controlled reoxygenation at a constant Po2% for 30 min. Initiation of reoxygenation following 20 min of complete global ischemia required a pressure spike. Norepinephrine was infused under computer con trol (0.04 mg% in saline at a rate of 0.016 mlls for �6-1O s) coincident with the release of the carotid occlusion. The infusion was stopped when the desired oxygen level was reached. During the first 5-8 min of reoxygenation, target CSP values had to be entered manually into the computer because resistance changed too rapidly to per mit valid servo-control from resistance calculations. Thereafter, adequate control was maintained by the com puter at target levels ±2-3%.
Seven experiments were thus performed in which the reoxygenation level at one of the electrodes was main tained nearly constant at 100% of its preischemic level. Usually at least one or two other electrodes maintained a near constant, but different, Po2% during reoxygenation ( Fig. 1 ).
Evaluation of neuronal damage
In situ perfusion-fixation was made via the left carotid artery beginning with a normal saline rinse solution (30 s) (Cammermeyer, 1978) containing 10 U/ml of heparin, 0.1 % procaine HCI, pH 7.4, and a final osmolality of 380 mOsmol followed by fixative consisting of 2% formalde hyde/l% glutaraldehyde in 0.15 M Na phosphate, pH 7.4 (1,000 mOsmol). Monitoring of the oxygen electrodes was continued during the perfusion-fixation (Fig. 2) . The P02 fell abruptly to near zero during the rinse, and then, with arrival of fixative at the electrode site, it rose dramati cally, presumably owing to inhibition of O2 consumption by enzyme fixation. This served as an index of fixation adequacy. By the criterion of a P0 2 level at fixation > 100% of the preischemic control level, 25 of 28 elec trode sites were judged adequately fixed. Six of these were rejected because of the presence of hemorrhage around the electrode. Thus, 19 electrode sites from seven rats were satisfactory for study.
Following fixation the rats were decapitated and their heads placed overnight in 10% buffered formalin at 4°C. The brains were then removed from the skull. Cortical tissue samples containing the electrode tracts were ob tained by sharp dissection under a dissection microscope. Samples measuring � 1 x 1 x 2 mm were rinsed overnight in 0.2 M sucrose/0.1 M sodium cacodylate, pH 7.4, en bloc stained with uranylacetate, postfixed in 1% osmium tetroxide, dehydrated in ethanol, and embedded in epoxy resin. Serial 1.0-fLm sections were taken and at 100-fLm intervals stained with toluidine blue. Quantitative evaluation of neuronal damage by light mi croscopy at 1,000 x magnification under oil was made by one of us (K.A.C.), unaware of the physiologic monitor ing data. Coronal sections located within 400 fLm of each electrode tract were analyzed for neuronal damage. All neurons in each section were typed, totaling 6,455. Blind triplicate analysis demonstrated an average typing error of 4.3% for Type IV neurons to a maximum of 5.8% in determination of Type III neurons (based on 19,365 typ ing decisions).
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Classification of ischemic neuronal damage
The principal features used to classify neuronal damage included change in nuclear shape, smearing of the nu clear/cytoplasmic boundary, and total disintegration of the nucleus. We classified neurons as Types I-IV where I was normal, II and III were intermediate forms, and IV represented maximal injury, i.e., cell death (Eke and Conger, 1989; Eke et al., 1990) .
Type I and II neurons contained sharply delineated nu clei that could be readily differentiated from the sur rounding cytoplasm (Fig. 3) . The nucleus was lighter than the surrounding cytoplasm and stood out with high con trast. Its round shape distinguished normal Type I from the abnormally angular nucleus of Type II. Type III neu rons had low nuclear/cytoplasmic contrast with an indis tinct nUclear/cytoplasmic border. Type IV neurons had dark cytoplasm and no recognizable nucleus, though they sometimes contained nuclear remnants, often a surviving nucleolus. The Type IV neuron is now generally accepted as irreversibly damaged if fixation artifact has been ex cluded. We have validated this classification system and analyzed conceptual and technical errors that may occur (Eke and Conger, 1989; Eke et al., 1990) .
Perineuronal clear spaces ("halos"), probably repre senting swollen astrocyte foot processes, were examined at 400 x and classified as 0, corresponding to no visible perineuronal halo; 1, representing a thin rim of lucency around a neuron; and 2 and 3, indicating progressively larger translucent perineuronal areas that required a vi sual comparator to distinguish them reliably (Eke et al., FIG. 3 . Examples of neuronal types (all at the same magnification). a: Type I neuron has a round nucleus (shape parameter 5 = 0.96). b: Type II neuron has a well-defined but angular nucleus (5 = 0.83). Some peri neuronal swell ing is present (grade 2 halo). c: Type III neuron has a poorly defined nucleus.
The fractional halo area was large (H = 0.49, grade 3 halo). d: In Type IV, the nucleus and cytoplasm have become confluent within the darkened micro vacuolated neuron. The well-defined halo is large (H = 0.55, grade 3 halo).
Halos are often associated with these abnormal neurons but are not essen tial for their classification. Spurr embedded 1-fJ,m sections; toluidine blue stain; original magnification, x2,000. 1990). Halo formation was strongly associated with Type II neurons but not necessarily with Types III and IV and played no role in neuron type classification.
Quantitation of perineuronal halos and angularity of neuronal nucleus
We sampled an additional 254 neurons from 10 elec trode sites including at least 1 electrode site from each animal, using a television camera attached to a Leitz mi croscope to display neurons and their associated perineu ronal halos on a monitor screen with an effective magni fication of 4,000 x. An aperture was placed in the ocular to limit the number of neurons sampled. One pass across the slide was used to quantify those neurons that were visible in the aperture and had nucleoli present. Using a see-through Sunflex digitizer (Sunflex Co. Inc., Novato, CA, U.S.A.), outlines of perineuronal halos, neuronal perikarya, and nuclei were traced and digitized with com piled Halo graphics routines (Lifeboat Associates, N.
Tarrytown, NY, U.S.A.). From the total area (n con taining the halo and neuron soma and the area of the neuron soma (N), a fractional halo area (H) was calcu lated: H = (T -N)/T. The average for H at each of 10 electrode sites correlated significantly with the relative count of grade 2 and 3 halos at the same electrode sites (r = 0.89, n = 10, p < 0.01).
From the perimeter and area of the nucleus, a shape parameter was calculated: S = (4 rrA)/p 2 , where S is the shape parameter, rr = 3.1459, A is area of the nucleus, and P is perimeter of the nucleus. Shape parameter values range from 1.0 for a perfect circle to 0.0 for a straight line.
In an earlier validation, 99% of nuclei with S values between 0.89 and 1.00 were normal (Type I neurons), while neurons with sharply defined nuclear borders and shape functions smaller than 0.89 were classified as Type II (Eke and Conger, 1989) . Shape parameter cannot be determined for Type III since the nuclear boundary is indistinct, or for Type IV because the nucleus is not vis ible. 
Statistical methods
Data are presented as means of triplicate determina tions (Fig. 4) . The coefficient of correlation (r) for the relationship between reoxygenation tissue P0 2 % and neu ronal Types II and IV was calculated by a linear least squares approach. For 17 degrees of freedom (n = 19), the critical value of rat p < 0.05 was 0.456 and at p < 0.01 was 0.575.
RESULTS
EEG was flat throughout the total ischemic pe riod in all experiments. Fast activity did not re cover. Slow activity sometimes partially recovered, but there was no relation between the amount of slow activity and reoxygenation conditions or his tology. Seizure activity did not occur in any exper iment.
Nineteen tissue blocks judged satisfactorily fixed and free of hemorrhage from seven ischemic rats and eight blocks from three sham-operated control rats were analyzed. The percentages of the different neuronal types found at each electrode site were compared with the mean reoxygenation tissue Po2% and with the apparent resistance [R(app) = CSP/Po2% as described for the control of CSPJ. There was a significant increase in Type II neurons at low tissue Po2% levels during reoxygenation (r = -0.55, p < 0.05) and a marked increase in the frac tion of Type IV neurons in cortical areas with high tissue P02 levels during reoxygenation (r = 0.66, p < 0.01; Fig. 4 ). No Type IV neurons were found in J Cereb Blood Flow Metab, Vol. 11, No.6, 1991 the control tissue. Percentages of Types I and III neurons did not correlate with tissue Po2%.
Grade 2 and 3 halo formation tended to be asso ciated with low Po2% (r = -0.42, n = 19, NS). Low nuclear shape parameters, reflecting Type II neurons, were associated with increased perineu ronal fractional halo area (r = -0.45, n = 254, p < 0.01) .
DISCUSSION
Relation between flow and POz % during reoxygenation
Under some circumstances, the negatively polar ized electrode is sensitive to both oxygen and hy drogen. Elsewhere we used this to measure hydro gen clearance as an index of local blood flow, su perimposed upon the Po2% as its relative baseline. During reoxygenation following severe ischemia, we found that the change in Po2% was within 20% of relative changes in local flow at the same elec trode. The O2 tension changes underestimated flow changes during the first hour of recirculation but overestimated them after 2 h (Kelly and Halsey, 1976) . We could not determine if these systematic disparities were the effect of changing O2 metabo lism or changing concentrations of other substances reacting at the electrode surface. This relationship between flow and Po2% justifies the use of the ap parent resistance R(app) = CSP/Po2%.
Significance of increased neuron death at high reperfusion POz %
The relationship between P02 and flow also makes it possible to infer a relation between reper fusion flow level and neuron damage that would be qualitatively similar to that which we have demon strated for Po2%, i.e., that increased reperfusion tends to aggravate neuron damage, at least during the first 30 min of reperfusion.
But there may be a more specific significance of the P02 relationship to neuronal injury. In the hy pothesis that evolution of free radicals contributes to ischemic damage, a basic tenant is that restora tion of oxygen supply after ischemia is essential for free radical formation. It is unproved, though widely presumed, that increased oxygen may enhance free radical formation, hence aggravating ischemic dam age. This view is indirectly supported by our find ing.
Perineuronal swelling and significance of Type
II neurons
The extensive literature relating postischemic edema and level of reoxygenation left us unpre-pared to find that while neuron death (Type IV) was related to postischemic reoxygenation level, the formation of perineuronal clear spaces ("halos") was not, with a trend toward amelioration, as sug gested by the weak negative correlation between halos and Po2%. These halos are presumed to be water accumulation in swollen astrocyte foot pro cesses, perhaps due to water shift between the neu ronal and peri neuronal compartments without a net water accumulation. Although ischemic-reflow studies using electron microscopic evaluation of perineuronal swelling in monkey (Garcia et aI., 1978) , cat (Jenkins et aI., 1981) , and rat (Petito and Babiak, 1982) have shown that perineuronal swell ing is predominantly associated with swelling of perineuronal astrocytic processes, such interpreta tion in this study would require electron micros copy for actual proof that the observed swelling was astrocytic and not intraneuronal. In our tissue sam ples they comprised the predominant visible water accumulation. The only other visible water included small intracytoplasmic vacuoles within neurons and some neuropil vacuolation, probably also due to as trocyte processes as well as axodendritic synapses (Fig. 3) .
Perineuronal, presumably astrocyte, swelling thus identified was most prominent in regions with the lowest Po2% during reoxygenation. Astrocyte swelling is probably directly related to lactate accu mulation (Friede and Van Houten, 1961; Plum, 1983) . The deformation of the neurons may reflect water transfer from neuron to glia driven by an os motic gradient developed between the cells by ac cumulation of lactate in the glial cells. Shrinkage of the neuronal soma and distortion of the nucleus may be due to intracellular dehydration as well as compression by the swollen astrocyte processes. This is reflected in the correlation between the neu ronal nuclear shape parameter and fractional halo area, implying a relationship between increased halo area and deformation of the neuronal perikaryon and nucleus. Thus, an increase in Type II neurons reflects swelling of astrocyte processes. The Type II neuron count appears to be a more sensitive index relating this process to reoxygen ation than the counting of the halos themselves, probably because typing of neurons is more accu rate than of halos; and in this study we typed and counted many more neurons.
We suggest that amelioration of presumed astro cyte process swelling by increased reoxygenation represents early recovery of membrane pumping function, favored by more rapid energy recovery, prior to a full expression of the necrotizing effect of free radical formation, which then results in the postischemic cytotoxic edema classically believed to be aggravated by reperfusion.
